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suMMmY

Detailedmeasurementsweremadeintheacousticnearfieldofthree
q cold-airexhaustnozzleswithpressureratiosof 30exhaustinginto
m quiescentair. Twoofthenozzleswereconvergent-divergent,onehaving
u a 15°conicalexpansionandtheotheran isentropicexpansion.Throat
. diameterswere5/8inchandexitdiameters,1.2inches.Thethirdnozzle

wasconvergentwitha 5/8-inchexitdiameter.

● Thetotalacousticpowerradiatedby thejetstreamwasaboutthe
samefortheconvergent-divergentnozzlesandappearedtobe inagree-
mentwithpredictionsbasedupontestsat subsonicvelocitiesandthe
Lighthillparameter.Theconvergentnozzlecreatedmorethanthepre-
dictednoise.powerbasedontheLighthill.parameter.Contourmapsand
plotsofthepositionofthemaximumsound-pressurelevelforaudible
frequenciesrevealedthattherewereno intensesourcesofnoiseupstream
of 10nozzle-exitdiametersfromthejet=it. Thel/3-octave-band
acousticspectrashoweda broadnonresonantshape.Therewereno dis-
cretefrequencies,andnohigh-levelultrasonicsourcesweredetected.

INTROIWTION

Theuseofrocketpowerformissilesandaircrafthasfocusedatten-
tiononthenoisefieldscreatedby theexhauststreamfromhigh-pressure-
rationozzles.Thenoiseassociatedwithhigh-velocityjetscanbe
destructivetoadjacentstructuresandcausefailureofelectronicequip-
ment. Adequateknowledgeoftheintensity,spectrum,anddirectionality
of thenear-fieldnoiseisnecessarytoprovidefortheprotectionof
delicatemechanismsandeliminatefatiguefailure.

. Thenearfield,as thetermimplies,isthatregionwhichsurrounds
a distributedsourceouttoa distancethatisnotlongco-ed withan

*
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acousticalwavelength.Inthenearfield,thesoundpressuresarenot
inphasewiththevelocities;andtheattenuationwithdistanceofthe #
soundpressuresis,ingeneral,greaterthan.thatfromhemispherical
expansioninthefarfield.Forthehigherfrequencies,themeasurement

-.

wouldincludea portionofthefarfield.

Fromrecentexperimentalstudies(refs.1-5),thenearnoisefields
of subsonicandchokedjetshavebeenmappedinthehorizontalplane
throughthejetaxis.Furtherresearch,nowunderway,shouldimprove
theunderstandingofthemechanismof jetnoiseto theextentthatthe 1+

Enoisefieldcanbepredictedforstandardnozzleconfigurations. P.

Thecomplexitiesinvolvedinoperatinga rocketmotormakea small
unheatedairjetmoresuitablefornear-noise-fieldstudies.However,
theresultsmightbe expectedto applytorocketsifthedifference-in
exitvelocityistakenintoaccount.Unpublisheddatacoveringsmall
heatedjetsattemperaturesupto 1000°F haveshownnomeasurableeffect

—

oftemperatureon.totalsoundpower.Fortherocket,thetotalsound
—

powermaybe lessthanthatpredictedby theeighth-powercurveof the
velocityintheLighthillparameterpoA@ao-5 (ref.6). TheLighthill - -
parameterfortherockete~ust streamwouldbe nearvaluesassociated
withafterburningturbojets,andthesewerefoundtoradiatelessthan
theexpectedpower(ref.7)fromextrapolationofan eighth-pawercurve

●

resultingfrommeasurementsofa numberof jets.Onefactornotincluded
intheLighthillparameter,thehighpressureratio,mayalsoaffectthe
noisepoweroftherocket. —

Inorderto studytheeffectofnozzledesignonthenoisefield,
threedesignswerechosen.Twoofthenozzleswereconvergent-divergent
withfullyexpandedflowata pressureratioof 30,anda thirdwas
simplytheconvergentsectionofthefirsttwo. Figure1 isa photograph
ofthethreenozzles.Oneoftheconvergent-divergentnozzleshadan
isentropic(Laval)expansionandtheother,a 15°conicalexpansion.
Theisentropicdesignprovidesthemostuniformflowacrosstheexit,and
the15°conicalexpansionisa commonconfigurationusedinrocketdesign.
The450-pound-per-square-inchplenumpressureisaboutthatofthechamber
pressureforsomeliquid-fuelrockets.

Althougha pressureratioof 30wouldapplytoa rocketonlyat sea
leveljthisisalsowherethenoiseproblemwouldbe themostsevere.

—

SYMBOLS ‘“

Thefollowingsymbolsareusedinthisreport:

A areaof jetexit,sqft
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i-l
N1to
d+

.

ao speedof soundetiernalto jetstream,ftjsec

d nozzle-exitdiameter,ft

f frequency,cps

v Jet-exitvelocity,ft[sec

Po ambientdensityofmediumoutsideof jetstream,slugs/cuft

APPARATUS

Sectionaldrawingsofthenozzlesdesignedforthisstudyofthe
near-fieldnoiseareshowninfigure2. Theconvergentsectionhasan
exitdiameterof0.625inch. Itwasdesignedaccordingtothemethod
outlinedinreference8 inorderto obtaina uniformexitspeed.The
twoexpansionunitswereboltedto theconvergentunit toformthe
convergent-divergentnozzles.Thei.sentropicexpansionwasdesignedby
themethodofreference9. Thejet-exitdiameterof 1.206inchesallowed
forfullyexpandedflowata pressureratioof 30. The15°conicalex-
pansionwasgiventhesamejet-exitdiameteras theisentropicnozzle.

.
Thenozzlesweremountedon a testSW locatedinthecornerofa

largeroom.A photographoftheteststandis showninfigure3. The
high-pressureah wassuppliedfroma pressure-andtemperature-regulated
sourcethrougha remotelycontrolled2-inchvalve.Fromthevalvethe
airtraveledthrougha perforated-liner-typesilencertoreducethevalve
andpipenoiseupstreamofthenozzle.A shortlengthof8-inchpipe
provideda plenumtowhichtheconvergentsectionwasattached.Air
pressureandtemperaturemeasurementstationswerelocatedintheplenum.

Sound-pressuremeasurementswere-de witha miniaturecondenser
microphone. Themicrophonewtthitsassociatedpreamplifierwasmunted
ona standsothatthediaphragmofthemicrophonewasatparallelin-
cidenceto thesource(i.e.,thediaphragmwasinthehorizontalplane
throughthejetaxis).Thepowersupplyforthemicrophonewasplaced
ina sound-proofedboxat onesideofthejet. Theoutputwasconnected
toa l/3-octave-bandanalyzerwttha spectrumrecorderanda sound-level
meterlocatedinthecontrolroomadjacentto thetestcell.

.

.

Themeasurementstationswerelocatedby mans of Hnes ruledona
4-by 8-footsheetofplywoodfastenedto thefloor.A schematicdiagram
of thetestlayoutis showninfigure4. Photographsoftheairflowfrom
thethreenozzlesweremde by meansofa single-passschlierensystem
andcamera.

●
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A linearactuatorcoupledtoanX-Ychartrecorderwasusedtomske
total-headsurveys.Thetotal-headprobewasunurtedona wedge,which 8
wasdrivenintothejetstreamby theactuator.Movementofthechart
wassynchronizedwiththeprobetravel.
ducerwasusedto convertthetotal-head

PROCEDURE

A strain-gagepressuretrans-
pressurestoan electricsignal.

Beforebeginningthesound-pressure-levelsurveyofthenear-field
noise,thelocalvelocityoftheflowwasdeterminedby ~womethods.
Theconicalshockformedby theimpingementofthe~etona 20°cone
placedinthejetstreamnearthejetexitwasphotographedby meansof
theschlierensystem.Theangleof shockwasusedto determinetheMach
numberfortheexpandednozzles.Total-headsurveyswithanX-Yrecorder
werealsousedto surveytheJetfortheisentropicnozzleneartheexit.
TheMachnumberobtainedfromtheprecedingmeasurementsagreedclosely
withthedesignMachnumberfortheisentropicnozzle. —

Spectrawererecordedat twopositionsinthereverberantfield
(i.e.,outsidethenearfield)beforethestat ofthenear-fieldsurvey. “
Thesespectrahadnesrlythesameshapeandamplitudeforbothpositions.
Typicalspectrainthereverberantfieldareshowninfigure5. Oneof .
thestationsinthereverberantfieldwasa%out1.5feetfromthenozzle
and35°fromthejetaxis;theotherwasabout20feetfromthenozzle
and135°fromthejetaxis.

Thesurveyofthenear-fieldnoisewasmadebyplacingthemicrophone
standat oneoftheintersectionsofthegridandrecordingthespectra
whilethenozzlewasoperating.Aftertherecordingwasmade,thevalve
wasclosedandthemicrophonemovedto a n& position.Thisprocesswas
repeatedgoingoutfromthe10°lineuntil~hereverberantlevelwas
reachedat thelowerfrequencies.Theover-alllevelsw&renmnitored
duringthetimethespectrawerebeingrecorded.Calibrationsweremade
beforeandaftereachseriesofruns. Thetiir-sourcepressureand
temperaturewerecloselyregulatedsothatrepeatrunsgaveidentical
results.

RESULTSMD DISCUSSION

TotalPower

Thetotalacousticpowerlradiatedby thejetduringoperationwas
computedfromthereverberationlevelforeachofthethreenozzles.

lAcoustictermsinthisreportareusedinaccordancew%ththe
definitionsgiveninreference10.

.

.
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Thepowerradiatedby thejetfromtheisentropicnozzle.
andfromtheconicalnozzle,78watts.Thejetfromthe
nozzleproduced26wattsofacousticpower.

5

was99watts
convergent

dtom
d

A curveshowingtherelationoftheLighthillpsrameterp@V8~-5
tothetotalacousticpowerofa numberof Jetsof varioussizesand
velocitiesisincludedinreferenceEl. A totalpowerof 90wattsfor
theconvergent-divergentnozzleswaspredictedfromthiscurve.This
valueisapproximatelymidwaybetweenthemeasuredpowerof thetwo
convergent-divergentnozzlesandabout1/2decibelfromboth. Thesug-
gestionismadeinreference10thatLighthill!sparameteris correct
forshock-freesupersonicflow.Althoughtheresultsreportedinref-
erence10arefora designMachnumberof 1.36,theparameterstill
appearstobe validforothernozzleswhileoperatingat design
conditions.

An effectivevelocityfortheconvergentnozzlewasobtainedfrom
thecomputedthrustandmss flow. Theuseof thiseffectivevelocity
intheLighthillparameterpredicteda powerof 7.5watts,whichis

. wellbelowthemeasuredvalueof 26watts.Thecomputedthrustwas194
poundsfortheconvergent-divergentnozzlesand168poundsforthe
convergentnozzle.Although,ina strictsense,theconicalexpansion. isnotisentropic,itisprobablycloseenoughto assumea thrustequal
to thatobtainedwithisentropicexpansion.

Thespectrainthereverberantfieldweresimilarfortheconvergent-
divergentnozzles.Thesespectracanbe couiparedwiththepowerspectra
resultingfromtestsof subsonicnozzles(ref.7). Thesubsonicspectra
indicatethata greaterportionof theacousticpoweris inthehigh
frequenciesandlessinthelowfrequenciesthanwiththesupersonic
spectra.

Spectra

Samplespectraforeachofthethreenozzlesarepresentedin
figure6 fora singlepoint.Thepointselectedwas2 feetdownstream
andonthe10°linefromthejetexit. Thiswouldbe 20nozzle-exit
diametersdownstreamfortheconvergent-divergentnozzlesand38
nozzle-exitdiametersdownstreamfortheconvergentnozzle.Thevalues
havebeenadJustedto equivalentspectrumlevelsby reducingthe
measuredsound-pressureleveltothatwithina band1 cyclewidecentered
at thefrequencyplottedonthegraph.Thespectraareallessentially
flatupto about2K)O0cyclespersecond,fromwhichtheydecayat about
6 to 12decibelsperoctave.Moderatedifferenceswerenotedin spectra
at otherpoints,butthebroadnonresonantshapeofthespectrapersisted.
Thisis indirectcontrastwithJetsfromconvergentnozzlesbeing
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stationaryshockpatternproduces
therestoftheJetnoise(ref.4). -

Over-allSound-Pressure-LGvelCurves

Theover-allsound-pressure-levelcurvesarepresentedinfigure7.
Infigure7(a)thedashedportionofthecurverepresentstheestimated
free-fieldlevelsobtainedby subtractingthereverberantlevelfrom
themeasuredvalue.Sincetheuncorrectedcurvesareclosetogether,
thesinglecurvecorrectsbothmeasuredcurves.Wherethedifferenceis ~
greaterthan10decibels,correctionsarelessthan1 decibel.

Thesecurves(fig.7(a))clearlyshowthatthepredominantsources
of noisearebetween20and35nozzle-exitdiametersdownstreamofthe
nozzleexit. Theshapesofthecurvesfortheisentropicandconical
nozzlesareverysimilar.Theabsenceofa sharppeakshowsthatthere
isa widedistributionofnoisesourcesalongthejetboundsmy.A
correspondingcurvefora jetenginefromreference1 isplottedin
figure7 forcomparison.Thegeneralshapeofthecurvefromthecon-
vergentjet(fig.7(b))ismorelikethatof thejetengine.

.

Theover-allsound-pressure-levelcurvesinfigure7(a)rise3 to5 .
decibelsintheregionfrom5 to 10nozzle-exitdiameters(6in.). The
levelofthecurveinthisregionsuggeststhatsound-pressurelevels
neartheJetexitwouldbe lowerinthefield,wheretherewouldbe no
maskingeffectofthereverberantsoundina room. Thecurvesinfigure
7(a)reacha maximumnear30nozzle-exitdiametersdownstreamandthen
graduallyfall.11decibelsbelowthemaximumat 75nozzle-exitdiau&ers.

Contourmapsshowinglinesof equalsound-pressurelevelaxeshown
foreachofthethreenozzlesinfigures8 to 10. Thesefiguresinclude
over-allcurvesaswellas thel/3-octavebandswithcenterfrequencies
of 100,315,1000,3L50,and10,000cyclespersecond.Inorderto
alloweasiercomparisonwiththeothertypesofbandanalyzers,thel/3-
octave-bandlevelshavebeenreducedto correspondingspectrumlevels.
In addition,allthecurveshavebeencorrectedforreverberantsound.
Thenumbersonthelinesindicatethesound-pressurelevelcontributed
by a band1 cyclewidecenteredatthestatedfrequencyinthefree
field.

Thecontourmapsofthejetnoisefromtheisentroplcnozzleare
showninfigure8. Theover-allcurveshowstheprincipalacoustic
sourcestobe about27nozzle-exitdiametersdownstreamofthejetexit.
Thiscorrelateswiththecontoursforthefrequencybandssincethey
indicatethesameareaof noisesource.Theexceptionisthe10,000-cycle
contourinwhichthenoisesourceappearstobe about15nozzle-exit
diametersdownstream.However,thelevelofthe10,000-cyclebandis ●

muchlowerthanthatofthelowerfrequencies.
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Theangleofpropagation.
by drawinga linethroughthe
oftheequal-pressurelines.

7

fortheover-ahnoisecanbe determined
farthestpointfromthejetaxisoneach
Thislinewasfoundto lieat an angleof

51°withthejetaxisandto crossthejetaxisata point27nozzle-exit
diametersdownstream.Thiscouldresultinan angleapproaching45°for
far-fieldcontourswiththejetexittakenas thecenterofthesource.

Thelow-frequencycontoursexhibita double-peakedstructure.This
ispossiblycausedbytwophysicallyseparatedsourcesof soundat that
frequency.This“secondsource”isalsonotedinreference1 for
frequenciesbelow100cyclespersecond.

Thesound-pressure-levelcontoursfortheconicalnozzlearepre-
sentedinfigure9. Theangleofpropagationofthenoisefromthejet
streamoftheconicalnozzleisabout39°. Theoutercontourlineshows
a tendencyto curveawayfromthe39°line. I?robahlytheangleofmax-
imumpropagationwouldagainbe nearly45°inthefarfield.A line
throughthehighestpointsof thecontourswouldcrossthejetaxisat
26nozzle-exitdiametersdownstream.

Thecontoursforthenoisefromtheconvergentnozzleareshown
infigure10. HeretheangleofpropagationtiththeJetaxisisabout

. 13°,andtheintersectionwiththejetaxisofa linethoughthemaxi-
mummints ofthecontoursis5 nozzle-exitdiametersdownstream.The
elongatedpatternIsquitedifferentfrom
Thisisprobablydueto thepresenceofa
streamofthejetexit.

NoiseSource

that oftheothertwonozzles.
s=ies of strongshocksdown-

FigureU. isa plotoftheapparentsourcepositionof thenoisein
eachofthel/3-octavebands.Thepointsinfigure11wereobtainedfor
theconvergent-divergentnozzlesby plottingthelocationof the~imum
sound-pressurelevelforeachl/3-octavebandalongthe10°line.Be-
causeofthemanystrongstandingshocks,thenoise-sourcepositions
fortheconvergentnozzlearetooscatteredtoplot. Thedimensionless

fdfrequencyor Strouhalnuniber~ andthedistancedownstreamof the
jetexitinnozzle-exitdiameterswereusedas theparametersto allow
directcommrisonwithother.Iets.Figure11alsoincludessimilar
data(ref.-l)fromtheneartiise
engine.

FYomthecurvesoffigure11.
areseveralnozzle-exitdiameters
subsonicjetturbulence(ref.1).

. of 10nozzle-exitdiameters.The

fiel~of theexhauststreamofa jet

it isapparentthatthenoisesources
downstreamofthoseresultingfrom
Thereareno strongsourcesupstream
clusterofnoisesourcesaroundthe
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25-to 30-diameterpostti.onpartiallyexplainsthelargerover-alllevel
measuredinthatregion.Thelower-frequencyendofthecurvecorresponds ●

to theextrapolatedendofthesubsoniccurve,indicatingthatthenoise-
sourcepositionsareagainthesameforthedimensionlesscasewhenthe
~etreachedasubsonicspeed.

Studiesofthecharacteristics(ref.’l2)offivesupersonicJets
exhaustingintofreeairhaveshownthat,afterthejetdecaysto sonic
velocity,it canbe treatedas a simpleparallel-flowjet. Thesonic
pointwasat about30nozzle-exitdiametersfora Mach2.87Jet(ref.11). :
Therewasverylittlespreadingupstreamof 10nozzle-exitdiameters,
andtheMach3 jetsdidnotexpandto a double-exitdiameteruntil20

1-

nozzle-exitdiametersdownstream.

It~ouldbe emphasizedthatfigureU. isa plotshowingtheposition
of themaximumpressurelevelforeachl/3-octavebandandnotthe
frequencyofthespectralpeaksalongtheboundsry.Althougha frequency
mayhavethehighestpressurelevelina certainspectrum,itslevelmay
be greaterat anotherlocation. .-

SchlierenPhoto~aphs

Schlierenphotographsoftheflowpatternsimmediatelydownstream
ofthenozzleexitof eachofthethreenozzlesareshowninfigure12.
ThesmoothparallelflowinterlacedwithMachlinesfromtheisentropic
nozzleis in sharpcontrastwiththestrongshocksfromtheothertwo
nozzles=Thepatternfortheconvergentnozzleisthewell-knownshock
diamond,whichisrepeatedseveraltimesd=irnstreamofthefieldofview
oftheschlierenapparatus.Althoughtheexitdiameteroftheconvergent
nozzleisonlya littleoverha~ thatoftheothertwonozzles,theflow
neartheexithasalreadyeqmndedto a largerdiameterthantheflow
fromtheconvergent-divergentnozzles.‘IMsexplosiveburstingofthe
streamistypicalofthestronglyovercookedconvergentnozzle.Turbu-
lenceisevidentalongtheedgesofallthreepatterns.

—

UltrasonicNoise

Althoughultrasonicnoisewasnotsurveyedduringthisinvestigation,
someeffortwasmadetodetectthepresenceofultrasonicfrequencies
inthespectranearthejetexit. !Twoattemptsweremadetomeasurethe
ultrasonicfrequenciesoutto50,000cyclespersecondby extendingthe
frequencyrsngeoftheanalysiswithan ultrasonicspectrumanalyzer.
Withboththecondensermicrophoneanda verysmallcrystalmicrophone,
theapparentultrasoniclevelwasverymuchlowerthanthelevelsofthe

.

audiblenoisedescribed.Therewereno sharppeaksintheultrasonic
spectrum.Thisresultwasnotunexpected,sinceanyshocksystemat these -
pressurevalueswouldbe widelyspacedandwouldradiateat lower
frequencies(ref.4).
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. SUMM4RYOFRESULTS

Measurementsnadeinthenearacousticnoisefieldofthreeexhaust
nozzleswithpressureratiosof ~ showedthat:

1.Thetotalacousticpowerradiatedby thejetstreamfromtwo
convergent-divergentnozzleswasnearlythesame,thatis,99wattsfor
theisentropicnozzleand78wattsfortheconicalnozzle.

2.Thetotalacousticpowerradiatedby thetwoconvergent-divergent
nozzleswasaboutthatpredictedfromtestsof subsonicjetsandthe
Lighthillparameter(90w).

3. Theconvergentnozzlegeneratedmuchmorenoisethanpredicted
fromtheLighthillparameter;themeasurednoisewas26wattsandthe
predictednoise,7.5watts.

4. Thepowerspectra(reverberantfield)weresimilarforthe
y convergent-divergentnozzles;thecorrespondingspectraforsubsonic
~- nozzlesindicatednmrehigh-frequencyandlesslow-frequencypower.

5. Spectratakenat a distanceof 2 feetdownstreamoftheexit. andat anangleof 10°fromthejetaxiswereessentiallyflatto 3000
cyclespersecondanddecayedatabout6 to 12decibelsperoctaveabove
3000cyclespersecond.Spectrarecordedat otherpointsweresimilar
in shape.No shsrppeakswereseeninanyoftherecordedspectra.

6.Fortheconvergent-divergentnozzles,over-allsound-pressure-
levelcurvesalongthe100 linefromthejetexitreachedtheirpeak
levelatabout30nozzle-exitdiametersdownstreamandfellslowlydown-
stream.Levelsnearthejetexitweremuchlowerthanthemaximum.

7. Contourmapsofthenear-fieldnoiserevealed

(a)Fortheisentropicnozzle,theover-all
fromanapparentsource27nozzle-exitdiameters
jetexitat an angleof51°fromtheSXiS=

that :

noisewasradiated
downstreamofthe

(b)Fortheconicalnozzle,theangleofnaximumpropagation
forthejetnoisewas39°andtheapparentnoisesourcewas26
nozzle-exitdiametersdownstream.

(c)Fortheconvergentnozzle,correspondingvaluesof angle
ofpropagationsndlocationofnoisesourcewere13°and5 nozzle-. exitdiameters,resPective~~

8. Themethodsusedto locatethepositionofthenoisesourcesin-
thel/3-octavebandrevealedthattherewereno strongnoisesources
upstreamof 10nozzle-exitdiametersforboththeisentropicandthe
conicalnozzles.
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9. No strongsourcesof ultrasonicnoisewerefound.
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Figure1.- Upstreamviewofnozzletestrigwith
convergentnozzleattached,15°conicalnozzle
(onleft),andisentropicnozzle(anright).
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diemeter0.625inch.

Jst-exit

(b)Isentropic~~~lej
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Ctkmeter,0.626inch.

3.3

(c)Cbnicel.nozzle;
$4-exitdifmeter,
1.Z06WWs j tb-t
Memeta, 0.625inch.

Figure2.- Testnozzles.
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Figure 3. - Side view of test rlg with tientropic nozzle attaohea to

convergent sect ion.
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